. One major difficulty in using these programs is the lack of critically evaluated thermodynamic data, specifically equilibrium constants and reaction enthalpies. Stockmayer (1978) has noted that the effort to evaluate fundamental physical and chemical data lags behind the efforts in other areas of research and technological development. Poor quality data can have dire consequences when applied to such important societal problems as energy supply, environmental quality and industrial productivity (Lide, 1981) . The lack of reliable aqueous thermodynamic data makes it difficult to interpret water-quality processes and problems which have become increasingly important with the continued development of energy resources and urban and industrial construction.
Before there can be a meaningful evaluation of data, all the relevant literature must be compiled. The main purpose of this report is to provide an update of the basic data compiled from literature references for selected aqueous reactions relevant to water-mineral equilibria. These data are organized in a form that is convenient for anyone using chemical equilibrium computer programs.
This compilation was initially begun to provide a more reliable data base for the WATEQ series of computer programs. The first program, WATEQ, was developed by Truesdell and Jones (1974) and included a complete list of equilibrium constants and reaction enthalpies with reference sources for the program data base. WATEQF (Plummer, et al., 1976) , the FORTRAN version of WATEQ, includes equilibrium constants for manganese species as well as some revisions of the earlier compilation. WATEQ2 (Ball, e_t al., 1979; was developed from WATEQ and WATEQF but kept the original programing language (PL/1). Several trace elements (Pb, Cu, Zn, Cd, Ni, Ag, As, I) were added to WATEQ2 and some further revisions of the two previous data bases were given. PHREEQE (Parkhurst, ^t_ al^., 1980) computes chemical equilibria, pH, and pE (or Eh) for heterogeneous systems including reaction progress calculations and mass transfer between solution phase and solid phases (precipitation-dissolution processes). The PHREEQE data base is similar to that of WATEQF, but revised to be compatible with WATEQ2. Finally, WATEQ3, (Ball, £t al., 1981) has incorporated uranium species along with a few more changes in the coding and the data base. The increasing number of changes in these programs makes it difficult to keep track of the data base and is further motivation for organizing the data into a form that can be easily documented, updated and reviewed by WATEQ users. This report is not intended as a primary reference of thermodynamic data. It is only intended as an aid to WATEQ users so that they can make more informed decisions regarding water-quality interpretations when employing WATEQ computations.
EVALUATION OF THE DEBYE-HUCKEL SOLVENT PARAMETERS
The original WATEQ program utilized activity coefficients for the major ions in natural waters which were calculated from the extended Debye-Huckel equation with a linear term:
in which y. is the activity coefficient of the i ion, z, is the ion charge, I is the ionic strength, A and B are the Debye-Huckel solvent parameters, I is an empirical ion-size parameter, and b is a fitting parameter. This form of the Debye-Hiickel equation was first proposed by Huckel (1925) and is nearly identical to the original Bronsted (1922) equation in which the linear term (bl) accounts for specific short-range interactions between ions of opposite charge. The A and B parameters are functions of the solvent density, the dielectric constant and the temperature:
where e is the electronic charge, e is the dielectric constant of the solvent, k is the Boltzmann constant, T is the absolute temperature, p 0 is the density of pure water, and N is the Avogadro constant. The following physical constants, evaluated and revised by Cohen and Taylor (1973) , were used in the calculations: N = 6.022045 x 10 e = 4.803242 x 10 k = 1.380662 x 10 Jln 10 = 2.302585. cm" 1 mole" 1 (kg u H 2 U These formulae are more precise than those used in Truesdell and Jones (1974) although the difference is only in the fifth significant figure.
The density has a much smaller effect on A and B than the dielectric constant and an extensive compilation and evaluation is not necessary. The investigation of Gildseth, et al. (1972) provides an accuracy of 3 ppm and a mean absolute deviation of 0.7xlO" 6 g/mL over the temperature range 0-80°C for the density of water. The function which best fits their data and additional measurements of comparably high precision is: po = 1 -(t-3.9863) 2 (t + 288.9414) + 0.011445 exp (-374.3/t) 508929. 2 (t + 68.12963) where t is degrees C. Any inaccuracies in this representation will be far overshadowed by the uncertainties in the dielectric constant of water.
The dielectric constant is fundamental to any electrolyte theory of aqueous solutions; however, it is not known with the accuracy required for many types of applications, including Debye-Huckel calculations. Truesdell and Jones (1974) used the data of Malmberg and Maryott (1956) in WATEQ. Since then, there have been several additional measurements and three major evaluations of the data. The earliest evaluation is that of Helgeson and Kirkham (1974) who fit a single equation to measurements for the pressure and temperature range of 1-5000 bars and 0-600°C. Bradley and Pitzer (1979) developed a single equation for the dielectric constant up to 350°C and 1000 bars. The most comprehensive evaluation in which the measurements were weighted according to precision and according to temperature range during fitting is that of Uematsu and Franck (1980) . In Figure 1 the deviations of each of these three fitted equations are compared to the data of Malmberg and Maryott (1956) . It is very clear from this comparison that these three evaluations agree very well with each other, but differ markedly from the data of Malmberg and Maryott (1956) for 0-100°C. The Uematsu and Franck (1980) evaluation has been chosed for the temperature dependence of the dielectric constant of water. Since the WATEQ series data base is only considered to be reliable for the temperature range 0-100°C, we have reduced the lengthy equation of Uematsu and Franck (1980) to: e = 2727.586 + 0.6224107T -466.9151 InT -52000.87/T. This equation fits to within 0.01 of the dielectric constant (about 0.013%) given by Uematsu and Franck's equation at any temperature in the range of 0-100°C. In Table 1 the Debye-Hiickel A parameter is recalculated at 10° intervals from 0-100°C and compared with the original WATEQ values, the values of Helgeson and Kirkham (1974) and those of Bradley and Pitzer (1979) . The differences between our A values and those from the recent literature are negligible. The change in the temperature dependence of the A parameter reflects the change in the dielectric constant data. These changes will improve the temperature dependence of the activity coefficients. Primary references containing thermodynamic measurements were compiled from the list of references in Table 2 . In addition to these references, several journals including "Geochimica et Cosmochimica Acta," "Marine Chemistry," "Journal of Solution Chemistry," and "Journal of Chemical Thermodynamics" were searched for references cited in articles already known to the authors. A computer search in "Chemical Abstracts" for reactions involving aluminum hydrolysis was carried out for the years 1967-1980. The result (Table 6 ) is a comprehensive listing of equilibrium constants and reaction enthalpies. Data were checked against the original primary reference if possible or against the abstract in "Chemical Abstracts" to see that the citation and the values were accurately and fully recorded. To narrow the search, only values reported for 25°C (with a few exceptions) were selected. No analytical equations of equilibrium constants as a function of temperature were used in this report.
The Data Base Listing
In Table 6 we have compiled the reported equilibrium constant and enthalpy measurements for (1) aluminum hydrolysis, (2) aqueous ion associations for aluminum fluorides, aluminum sulfates, calcium chloride, magnesium chloride, potassium sulfate and sodium sulfate, (3) the solubility product constants for gibbsite and amorphous aluminum hydroxide, (4) the oxidation-reduction potentials for the Fe°/Fe 2+ and Fe 2+ /Fe 3+ couples, (5} the standard state thepnod^-namic values of the following aqueous ions: Al 3 , Ca 2 , Mg 2 , Fe , Fe , K , and Na , and (6) the standard state thermodynamic properties of solid gibbsite. These substances are listed in alphabetical order by element, and for any one reaction the listing of measurements is in chronological order. The values which were given in the WATEQ, WATEQF, and WATEQ2 publications are also provided for comparison. The standard state for aqueous species is the hypothetical ideal solution of unit activity at unit molality, 298.15 K and 1 bar. The standard state for gibbsite is the pure crystalline solid of composition A1(OH) 3 at 298.15 K and 1 bar. The calorie, rather than the joule, was used as the unit of energy because most of the published data are reported in calories, and the integrity of the original data is preserved by avoiding any additional conversions. The most obvious reason for using the calorie is that the WATEQ data base has always been in calories and keeping the same energy unit would be more convenient for WATEQ users. Anyone else who wants to use this data base for other purposes can easily make the conversion to joules. Furthermore, Adamson (1978) presents valid criticisms for not using SI units.
All equilibrium constants involving hydrolysis have been written in terms of H and H2 0 rather than OH". This uniformity required conversion of some of the reported values. The notation for equilibrium constants follows the symbols used by Sillen and Kartell (1964) : *K X is the first acid dissociation constant, *K2 is the second dissociation constant, etc. KI represents the addition of hydroxide ion to a metal cation. A subscript "s" refers to the solubility product for a solid phase. For example *KS <» for gibbsite refers to the reaction: Al(OH) 3 (solid) + H 2 0 = A1(OH)I + H+ and the product KxK2 refers to:
There has been considerable discussion in the literature concerning the existence of polynuclear species (e.g. Aveston, 1965; Baes and Mesmer, 1976) . We feel that these species occur under non-equilibrium conditions that do not merit evaluation of an equilibrium constant value. However we have included a compilation of the equilibrium constants for the dimer because of the consistency of the values and the direct spectroscopic evidence for its existence (Akitt, e_t al^., 1969) . Unfortunately, the dimer was not fitted with the other recommended values for the aluminum hydrolysis constants and the gibbsite solubility product constants . For this reason we do not recommend that the dimer be used in WATEQ computations until such time that its importance can be evaluated. Preliminary testing indicates that it has a negligible effect on the other equilibrium constants (Howard May, oral commun.).
Occasionally a reported value is clearly of higher quality than the others, based on the experimental approach and the reported precision. These values have been identified in the REMARKS column of Table 6 by the word RECOMMENDED. Several reactions have not been "recommended" because they can not be adequately evaluated at this time.
Uncertainties reported by the original authors are given in parentheses following the reported value. These numbers usually represent one standard deviation. The original articles should be consulted for further information regarding errors.
Please note that equilibrium constants which can be calculated from standard state free energies are not included. Free energies of substances and reactions are usually not measured directly. Free energies are commonly derived from measurements of enthalpies, heat capacities and equilibrium constants. An exception is the measurement of the Fe°/Fe 2+ electrode potential which is directly proportional to the free energy of the aqueous ferrous ion if the experiment is carried out under carefully controlled conditions. If an attempt is made to rebuild equilibrium constants from tabulated free energies through the equation, AG° = -RTlnK, then large uncertainties can result unless exactly the same path is used as that from which the free energies were originally calculated. Because free energies are usually taken from different sources, a calculated equilibrium constant can be seriously in error and inconsistent with other data. The solubility product constant for siderite provides a typical example of this problem. Although it is listed in many standard compilations, there has been no direct measurement of the free energy of siderite, If we use the free energy data listed in N.B.S. Technical Note Series 270-3 and 270-4 for FeC0 3 (c), Fe 2+ (aq) and CO*" (aq), then the log K = -10.94. The source for AG°(FeC0 3 ) is a solubility product measurement of siderite which is log K = -10.68 (Kelly and Anderson, 1935) , noticeably different from the value back-calculated from free energies. The reason for this discrepancy is relatively simple. Different values for AGj (Fe 2 ) and AG^(C0 2 ") were used by Kelly and Anderson (1935) to calculate AG° (FeC0 3 ) than are listed in N.B.S_. Tech. Notes 270-3 and 270-4. The biggest change has been in the AG~ (Fe 2 ) . Although this example is a fairly typical one, there are some equilibrium constants which are inconsistent by an order of magnitude or more because of the cumulative errors in adding free energies from different sources. For this reason, we have only listed equilibrium constant and reaction enthalpy measurements. No equilibrium constant data are based on free energy calculations. Such calculations can be used to check consistency when enough data are available, but for listing equilibrium constants only primary data are used.
Refinement of the Standard State Thermodynamic Properties of Fe 2 * and Fe 3 * Aqueous Ions
Free energies of formation from the elements for aqueous Fe 2 and Fe 3 ions are reported anywhere in the range of -18.85 to -22.1 kcal/mole and -1.1 to -4.27 kcal/mole, respectively. Enthalpies and entropies are discrepant by similar amounts. Recent measurements (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) of heats of solution, heats of oxidation and an electrode potential measurement can be used to narrow the range of uncertainty to a more acceptable set of values. where AH°(FeCl 2 ) is the standard heat of solution of FeCl 2 . The AH°(FeCl 2 ) has been measured by Li and Gregory (1952) , Cerutti and Hepler (197?) and Gobble^(1978) . All three measurements are in close agreement ( Table 3 ). The AH£(C1~, aq) is known with a high degree of reliability (e.g. CODATA, 1977) and the only known value for AH~(FeCl 2 ) is that from Koehler and Coughlin (1959) . Combining these data, the resultant AH°(Fe 2+ , aq) = -21.61 kcal/mol. The AS£(Fe2 ) can be calculated from the third-law entropy, S° (Fe 2+ ) reported by Larson, et al. (1968) and the entropies of the elements from Robie, et al. (1978) . The resultant AG°(Fe 2+) = -21.34 kcal/mol. This pathway is shown as set I in Table 4 .
Electrode potential measurements for the Fe°(s)/Fe 2 couple can be reliable if (1) the iron is pure and free from defects, (2) no oxygen is present in the system, (3) the potential is independent of pH and (4) no hydrogen evolution takes place. No investigation has shown beyond doubt that all of these conditions have been met; however, the most reliable attempt is Johnson and Bauman (1978) . Using their value of E° = 0.415 V we calculate AG°(Fe 2 ) = -19.15 kcal/mol. This pathway is the basis for set II in Table 4 . Tne range of measured values is shown in Table 6 . The difference between this number and the number derived from enthalpies and entropies is 2.2 kcal/mol, hardly an acceptable inconsistency. Leussing and Kolthoff (1953) . Two values have been calculated for AH£ of Fe(OH) 2 (c) based on heat measurements (see JANAF Tables, Stull and Prophet, 1971) . The more commonly accepted value of AH° = -135.8 kcal/mol was not considered by JANAF to be as accurate as AHj = -137.2 kcal/mol. JANAF used the latter value and an estimate of S° = 21.0 cal/deg-mol to obtain AG~ for Fe(OH) 2 (c) = -117.6 kcal/mol. We prefer the former enthalpy value which has additional support from the electrochemical measurements of Dibrov, et al. (1980) . If the S° value of 21 cal/deg«mol is considered to be the best available estimate then th| AG£ = -116.2 kcal/mol. Combining this value with the Ksp we obtain AG°(Fe 2 ) = -20.40 kcal/mol. These values form the basis for set III in Table 4 .
Thermodynamic Data for Aqueous Fe 3 The thermodynamic properties of Fe 3 are usually obtained indirectly from data on Fe 2+ and the Fe /Fe 3 electrode potential. One direct value is available on AH~(Fe3 ) = -10.89 (-.17) kcal/mol from measurements on the heat of oxidation of solid iron to Fe3 by H 20 2 (Vasil'ev, et al_., 1976) . Since this value is dependent on the AH° for H2 0 2 , we rechecked the calculation by using the peroxide enthalpy given in Wagman, et al. (1968) . The difference is only 50 cal/mol, thus we have accepted the original value reported by Vasil'ey, et al. (1976) . We now have an independent check on AH°(Fe 2 ) through the Fe 2 / Fea^enthalpy. Unfortunately, the Fe 2 /Fe 3 enthalpy is not precisely known (see Table 6 ). Values range from 9.2 to 10.2 kcal/mol. In addition, two measurements have been reported for the heat of reaction, based on hydrogen peroxide oxidation of Fe 2+ . Sousa-Alonso, et_ a^. (1968) reported -69.8(-0.4) kcal/mol and Bemardelli and Tumanova (1971) reported -71.11 ^-0.03) kcal/mol for the heat of this reaction. From these data the Fe 2 /Fe 3 reaction enthalpy is 9.26 and 10.57 kcal/mol, respectively. Thus the reaction enthalpy must lie in the range of 9.2 to 10.6 kcal/mol and from the frequency of reported values and the average, a reasonable estimate would be 10.0 kcal/mol. Using this number and the AH£(Fe 3+ ) from Vasil'ev, et ajL (1976) we obtain AH°(Fe 2 ) = -20.89 kcal/mol. These enthalpies are used in both sets II and III of Table 4 .
The standard electrode potential (-.7702 volts) and thus the AG° (17.76 kc^l/ mol) is known very precisely and very accurately (see Table 6 ) for trie Fe 2 /Fe 3 couple. For this reason, the same recommended value is used in every set of Table 4 . Since only one measurement for the enthalpy and entropy of goethite have been reported in the literature (Barany, 1965; King and Weller, 1970) , these values are also the same in each set. 
Internal Consistency
Based on the previous discussion, it is possible to derive three sets of data relating to the thermodynamic properties of aqueous Fe 2 and Fe 3 + as shown in Table 4 . Each set is internally consistent but not entirely consistent with each other set. Each set assumes certain selected data to be the most reliable, and the remaining data are calculated from these selected values by the standard thermodynamic relationships.
Set I is based on (1) Cerutti and Hepler's (1977) arguments and data for heat of solution measurements of FeCl 2 (c) which provides AH° for Fe 2+ , and an estimated S° for Fe 2 * from Larson, et al. (1968) Johnson and Bauman (1978) , the data on Fe(OH) 2 by Dibrov, .et al. (1980) and Leussing and Kolthoff (1953) , and the best estimated enthalpy for Fe 2+ /Fe 3+ . A further check on inconsistencies can be made by comparing the Ksp for goethite calculated from free energy data with the ion activity product (IAP) measured by Langmuir and Whittemore (1971) . The AG° for goethite can be obtained from the AH° of Barany (1965) and the S° data oi King and Weller (1970) . Combining these data with the AG° of Fe 3+ from set I gives a log Ksp =--41.7 which does not compare favorably with the range of log IAP = -43.3 to -43.5 for laboratory solutions containing crystalline goethite and groundwaters from aquifers containing iron minerals.
Set II is based on (1) Johnson and Bauman (1978) for AG° of Fe 2+ and the recommended value of AG° for Fe 2+ /Fe 3+ from which AG° of Fe 3 is calculated, (2) Vasilev, ejt al. (1976) for AH° of Fe 3 + and the best estimated AH° of Fe 2 + / Fe 3 "*" from which AH° of Fe 2+ is calculated and (3) the log Ksp for Fe(OH) 2 from Leussing and Kolthoff (1953) and S° for Fe(OH) 2 from Dibrov, et al. (1980) from which AG° and AH° of Fe(OH) 2 is calculated. This set, of course, is inconsistent with nearly all of the data in set I including primary data such as AH° and S° for Fe 24" and AH° for Fe(OH) 2 .
Set III appears to be the best compromise in that it is most consistent with all the primary data. Set III is based on (1) the JANAF estimate for S° of Fe(OH) 2 and the AH° of Fe(OH) 2 from Dibrov, et al. (1980) from which AG° of Fe(OH) 2 is calculated, (2) the log Ksp of Fe(OH) 2 from Leussing and Kolthoff (1953) and AG° of Fe(OH) 2 from the previous calculation from xrfiich AG° of Fe 2+ is calculated, (3) the best estimated AH° of Fe 2+ /Fe 3+ and the AH° of Fe 3+ from Vasil'ev, ejt al. (1976) from which AH° of Fe 2 "1 " is calculated. Everything else is calculated from these values. Altnough set III shows greater consistency with more of the data than any other set, there really is no optimal choice because of the inherently large uncertainties in some of the data. More accurate and more precise measurements of AH° for Fe 2+ /Fe 3+ , AG° for Fe 2+ and Fe 34" would help to resolve these inconsistencies. It would also be highly desirable to make additional measurements of AH° and S° for goethite in order to reduce the uncertainty and inconsistencies related to the log Ksp for goethite.
Reference Source Codes
The symbols for the source column in Table 5 are abbreviated reference citations coded in a similar manner to those in Sillen and Martell (1964) . Each reference abbreviation contains the year of publication followed by the first letter of the first author's last name. When more than one article could have the same designation, they are distinguished by a lower case letter starting with "a", e.g. 77Ha, 77Hb.
Additional information is provided by a slash (/), an equality symbol (=), or a comma (,); the symbols are explained in Table 5 . 
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REMARKS
Footnote (1 ) Footnote (1) Footnote (2) calculated from reported log»K. --11.22 and log'K^K---16.76 derived from reported log*K . --11.92 and reported log K Q --31.7 Footnote (1) derived from reported log K .
-0.68 and reported log K Q --32.43
derived from reported log K . * -0.53 and reported log K Q --32.96
Footnote ( 2. The upper solubility limit is not well-defined, but it probably lies in the range of log K =9.35-1 0.8 for a microcrystalline to an amorphous precipitate, respectively. 
